ABSTRACT We have cloned the complete genome of an oncogenic primate retrovirus, the San Francisco isolate ofgibbon ape leukemia virus, in a A phage vector. DNA sequence analysis and restriction endonuclease mapping of the inserted linear provirus demonstrated 9-base pair inverted repeats at its ends, flanking direct terminal repeats 470 base pairs in length. The (-) strong stop region of this DNA showed surprisingly low sequence homology to that of another gibbon ape leukemia virus isolate from an animal with similar disease. Analysis of the clone also revealed the terminal phosphate configuration of the linear provirus. The recombinant phage is suitable for direct use as a hybridization probe to detect homologous retroviral sequences in human cell lines.
The retroviral etiology of a wide variety of animal malignancies has been firmly established. Prominent examples include murine and avian lymphomas and leukemias as well as sarcomas (1, 2) . Prototypic viruses from many ofthese systems have been extensively characterized with respect to genomic structure and life cycle. Early replicative intermediates include a 100-to 150-base pair (bp) cDNA copy of the 5' viral RNA sequence [(-) strong stop DNA]. Later, a full-length double-stranded DNA copy of the viral genome with long direct terminal repeats (LTRs) of 400-1500 bp flanked by shorter inverted repeats of 15-25 bp is found (3) (4) (5) (6) .
In species closer to man, a number of primate retroviruses have been documented. These include isolates from baboons, rhesus, a woolly monkey, and (among great apes) several different populations of gibbons (7, 8) . Both nononcogenic vertically transmitted (endogenous) and oncogenic horizontally transmitted (exogenous) virus forms occur. Given the near ubiquity of retroviruses in other animal systems, their isolation from human tumors has proved remarkably difficult. Candidates isolated by several laboratories appear to be related to the primate type C viruses ofthe gibbon ape leukemiavirus (GaLV)/ simian sarcoma virus family. Nucleic acid hybridization and immunologic data supporting such a relationship have recently been reviewed by .
The advent of recombinant DNA technology allows significant refinement in nucleic acid studies of the putative human isolates. Molecular cloning of selected primate virus sequences provides an unlimited source of well-characterized probe for analysis of related genomes. At the same time, sequence analysis of cloned DNA can provide information regarding retrovirus replication, possible mechanisms ofoncogenesis, and phylogeny ofretroviruses in higher animals. We describe below the cloning and partial characterization of one GaLV isolate. The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. sodium citrate according to the procedure of Southern (13) . Bound radioactivity was revealed by exposure of the filters to Kodak X-Omat R film for 2-10 days at -700C with intensifying screens.
MATERIALS AND METHODS

Cells and
Molecular Cloning of GaLVSF Provirus. We carried out all procedures as prescribed by the National Institutes of Health guidelines for recombinant DNA research applicable at the time (P2, EK2). Except as noted, all reagents were used under the supplier's specified conditions. Ten micrograms of crude provirus, prepared as described above, was treated with EcoRI methylase (New England BioLabs). Methylation was complete, as assayed by resistance ofa small sample ofthe reaction mixture Ito digestion by a 5-fold excess of EcoRI. 'The DNA was then precipitated with ethanol and resuspended in 30 jud of linker ligation buffer (66 mM Tris HCl, pH 7.6/10 mM MgCl2/1 mM ATP/10 mM dithiothreitol). To this mixture was added 1.5 ,ug of octamer EcoRI linkers (Collaborative Research) previously phosphorylated by using [y-32P]ATP and phage T4 polynucleotide kinase. Linkers were then coupled to the proviral DNA by blunt-end ligation at 12TC for 8 hr with T4 DNA ligase. Extent of the reaction was monitored by formation of linker multimers, detected by autoradiography of samples electrophoresed on acrylamide gels (16). The reaction mixture was then extracted with phenol and unreacted linkers were removed by gel filtration as above. EcoRI-complementary ends were generated by digestion with 5-fold excess of enzyme.
This material was added to 5 ,g of A Charon 4a EcoRI arms, prepared as described by Maniatis et al. (17) , precipitated with ethanol, and resuspended in 50 ,ul oflinker ligation buffer. After addition of T4 DNA ligase the mixture was incubated for 14 hr at 4°C. Packaging of the DNA was carried out as described by Smithies et al. (18) , using extracts prepared as described by Davis et al. (19) A-A-T-G-A-A-A- G-A, are duplicated as an inverted repeat at the right with one exception at base 6, where an A is replaced by a G residue (Fig.  3) . Because Complete restriction mapping ofthe phage revealed that it contained no other eukaryotic inserts, although a 6.6-kb A Charon 4a EcoRI "stuffer" fragment had been reinserted to the left of the retrovirus. It is likely that this addition enables us to grow the phage to a reasonable titer; the second clone alluded to above grows very poorly, possibly due to an insert length yielding a recombinant whose size is near the lower limit ofviability.
Our DNA sequence data reveal several features of interest. First, they demonstrate the presence of inverted nucleotide repeats of 9 bp at the ends of the GaLVSF provirus. This length is somewhat less than the 20-40 bp common to the repeats of many bacterial transposons (26) The numbers given for each restriction digest correspond to distance in kb from the left-hand terminus of the insert.
Biochemistry: Scott et al. (22) after insertion into pBR322. This gel displays the 9-bp sequences at both termini. These are identical except for the bases at position 6 (an A at the left and a G at the right).
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Moloney murine leukemia virus, although greater than the 5 bp found in the eukaryotic copia element (27 Numbers above the sequences refer to the distance from the tRNA primer for GaLVsF. Asterisks denote substitutions, deletions, or insertions that maximize homology. The GaLVSF sequence was determined from the right end of our cloned DNA; the GaLVH (Hall's Island isolate) sequence was previously published by Lovinger and Schochetman (25) .
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